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The atomic composition of the surface of the CdTe layer in a CdTe:CdS photovoltaic

"PV# device has a signi_cant in~uence on the quality of the electrical contact to

this layer[ This paper reports the results of a systematic study that correlates the

composition of the back surface as measured with X!ray photoelectron spectroscopy

"XPS# with pre!contact processing and device performance[ We found that certain

processing steps produce an oxide layer that degrades device performance by pro!

ducing a metalÐoxideÐsemiconductor "MOS# contact\ rather than the intended

metalÐsemiconductor\ Schottky barrier contact[ We also found that the as!

deposited CdTe _lm is cadmium!rich for several hundred angstroms at the back

surface[ This n!type layer may impede current ~ow for majority holes\ degrading

device performance[ Published in 1999 by John Wiley + Sons\ Ltd[

INTRODUCTION

A
n essential issue in commercialization of CdTe!based thin!_lm solar cells is developing a method
for making a stable\ low!resistance back contact[0 Because no metal has a work function larger
than the work function of p!type CdTe\ a fundamental problem exists in forming low!resistance

contacts[ The normal alternative of producing low!resistance tunneling contacts by high doping of the
CdTe surface is di.cult because of the complexities in doping CdTe to high hole densities[ Both
Ponpon1 and Fahrenbruch2 have reviewed these issues in previous papers[

Numerous deposition methods exist for producing high!e.ciency CdTe:CdS PV devices[0 All of these
methods require several post!deposition processing steps[3Ð5 An important step used in all of these
processes is exposure to CdCl1 in conjunction with annealing[ As originally developed\ the CdCl1
treatment required mixing CdCl1 powder into the Cd:Te mixture prior to _lm deposition[6 The process
was subsequently re_ned into a post!deposition dip in a CdCl1 solution followed by annealing[7 As the
technology has progressed\ several research groups have developed a vapor!based CdCl1 treatment to
replace the solution!based process[8Ð00 A primary goal in CdTe PV technology is to develop an all!dry
fabrication process[ Such a process is amenable to continuous\ in!line production\ which is a promising
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route for low!cost\ high!volume manufacturing of CdTe:CdS photovoltaics[ This study examines the
relationships between the NREL post!deposition processes\ atomic composition near the CdTe back
surface\ and device performance[

EXPERIMENTAL DETAILS

Thin!_lm deposition

The polycrystalline CdTe:CdS thin _lms used in this study were deposited using close!spaced sub!
limation "CSS# at the National Renewable Energy Laboratory "NREL#[ Samples used for surface
characterization and device fabrication consisted of multi!layer CdTe:CdS:SnO1:6948!glass structures
representative of typical NREL CdTe:CdS devices[7 The SnO1 layer was deposited using tetramethyl!
tin chemical vapor deposition "CVD# and was a bilayer structure comprised of both a high! and low!
resistance layer[01 The 799!_!thick CdS layer was deposited by chemical bath deposition "CBD#[ The
7!mm!thick CdTe _lms were deposited by close!spaced sublimation "CSS# at a substrate temperature of
519>C[ Deposition was at a rate of ½1 mm:min in an ambient of 0 torr oxygen:04 torr helium[ The CdS
layer was processed using a thermal etch prior to CdTe deposition[01 Structures were allowed to cool in
the He]O1 ambient[ Post!deposition processing is described in the next section[

CdCl1 and back!contact processin`

The NREL CdTe research program is currently in transition from use of a solution!based\ wet CdCl1
treatment\ to a vapor!based\ dry CdCl1 treatment[ In this study we compare and contrast the surface
conditions associated with sequential processing steps for each CdCl1 process type[

For the wet CdCl1 treatment\ the samples are placed in a boiling\ 49)!saturated CdCl1Ðmethanol
solution for 04Ð19 min[ The samples are removed from the solution and blown with dry nitrogen to
distribute the CdCl1 uniformly over the surface[ These samples are then annealed at 399>C for 29 min
in a ~owing atmosphere of 14 sccm O1 and 099 sccm He[ Following the annealing step\ the samples are
etched in a 249 ] 3 ]039 mixture of HNO2 ] H2PO3 ] H1O "NP etch#[03 The etch process is continued until
bubbles cover the surface*an indication that the surface has been converted to elemental tellurium[04

The samples are rinsed in running deionized "DI# water to stop the etch process[ Following the rinse\ a
mixture of Cu!doped HgTe in Electrodag 003 is applied\ and the sample is annealed for 29 min at
159>C[ Finally\ silver paint is applied\ and the device is annealed at 099>C in air[5

In the NREL\ vapor!CdCl1 treatment\ the samples are exposed to CdCl1 vapor at 399>C in a modi_ed
CSS chamber in the laboratory ambient atmosphere[00 Both the CdCl1 source and the substrate are held
at 399>C for 4 min[ After this step\ the samples are rinsed in ~owing DI water\ then etched in NP etch[
The remainder of the contact application procedure is the same as above[ NREL researchers regularly
achieve devices with e.ciencies over 02) using either vapor or the solution CdCl1 treatments[

Processin` conditions

To gain a clearer understanding of the e}ects of the post!deposition processing\ X!ray photoelectron
spectroscopy "XPS# was used to characterize the back!surface composition after each post!growth
processing step[ PV devices were also fabricated at each step of processing to correlate back!surface
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Table I[ Processing conditions for samples investigated for back!surface composition and device performance[ SCC

stands for solution!CdCl1 treatment\ while VCC stands for vapor!CdCl1 treatment

SCC only SCC anneal SCC:anneal:DI SCC:anneal: SCC:anneal: SCC:anneal:

vacuum anneal nitric acid:DI DI:NP:DI

VCC VCC:DI VCC:vacuum anneal VCC:DI:nitric acid:DI VCC:DI:NP:DI

composition with device performance[ Table I delineates the back!surface processing conditions inves!
tigated in this study[ SCC stands for solution!CdCl1 treatment\ while VCC stands for vapor!CdCl1
treatment[ The sample labeled SCC!only underwent the CdCl1!dip\ but no anneal[ There is no cor!
responding processing step in the vapor!CdCl1 process because annealing and CdCl1 exposure occur
simultaneously in the vapor treatment[

In addition to the standard conditions described above\ two exploratory processing steps have been
included in the matrix of samples[ Waters et al[05 investigated the cleansing e}ects of annealing under
vacuum\ and of a weak nitric acid solution[ These conditions have been included as intermediary
between a simple DI rinse\ and the extensive etching produced by the NP etch[ The vacuum annealing
was performed in a modi_ed CSS chamber[ Pressure was about 09−2 torr\ temperature was 399>C\ and
the sample was in proximity to a clean surface of borosilicate glass[ Anneal time was 09 min\ and the
sample temperature was maintained 4>C above the borosilicate glass[ The nitric acid etch consisted of
2 ml of 04=8 M nitric acid in 099 ml of H1O[ Etch time was 59 s\ followed by a DI rinse to halt the
etching process[

Separate samples were prepared for XPS characterization and for device fabrication[ XPS samples
were either measured immediately after processing\ or stored in dry nitrogen between processing and
characterization[ Samples for device fabrication were stored in a dry box in laboratory ambient until
processed into devices and characterized[

XPS characterization

XPS analyses were carried out with a Physical Electronics 4599 photoelectron spectrometer operating
at a typical base pressure of 1×09−09 torr[ Photoelectrons were excited with monochromatic A0 K
a X!radiation\ with an anode power of 299 W at 04 kV[ Photoelectrons were collected at 34> from the
sample normal and resolved with a hemispherical analyzer at a pass energy of 47=6 eV[ Depth pro_les
were accomplished with a Perkin!Elmer model 93!292A di}erentially pumped ion gun using a 0!kV
Ar¦ ion beam rastered over a 2×2!mm area[ The X!ray exposed! and analyzer acceptance!area is
approximately 0 mm1\ centered in the raster region[ This eliminates artifacts due to redeposition of
sputtered material[ Sputter depth pro_les were performed to maximize the depth resolution^ hence\
XPS data were collected with a sputtering interval of 19 s[ Areas of the resulting photoelectron peaks
were used to determine atomic concentrations after each sputter interval\ and thus\ generate the
compositional depth pro_les[ XPS is sensitive to approximately 9=0 at ) composition[ Elements present
at concentrations lower than this limit are not detectable using XPS[

Sputter rate calibrations were performed on several CSS CdTe _lms by sputtering a 9=0Ð9=1 micron
deep crater and measuring its dimensions with a stylus pro_lometer[ The ion beam parameters used
result in an average sputter rate of 06 _ per minute[ This erosion rate corresponds to the removal of
about 4[6 _\ or slightly less than two monolayers of material between each XPS analysis[ This slow
sputter rate\ combined with short intervals between XPS analyses\ enables an accurate determination
of composition as a function of depth in the near!surface region of these _lms[ It should be noted that
the RMS roughness of approximately 0 mm on the surface of these _lms does not interfere with the
depth resolution of the XPS depth pro_les[ This is because the height variation occurs on a relatively
large horizontal scale of approximately 4 mm\ and because the sputtering process removes only 9=95)
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Figure 0[ XPS depth pro_le of as!deposited sample

of the 0 mm height variation between each XPS survey[ We have veri_ed that compositional changes
occurring in less than 0 min of sputtering time are repeatable\ and therefore valid data[

RESULTS

Surface composition

The atomic composition within 09 min sputter time "069 _# of the surface of each sample was char!
acterized by XPS depth pro_ling[ The atomic percentages of the elements tellurium\ cadmium\ oxygen\
chlorine\ sulfur\ and carbon were measured[ No other elements were present at levels detectable by
XPS[

Figure 0 presents the composition pro_le for the as!deposited sample prior to any treatment[ There
was no detectable chlorine on this sample[ Carbon is present for the _rst half!minute of sputtering\ or
approximately 7 _\ most likely due to hydrocarbons adsorbed on the surface[ Interestingly\ the sample
contains 19) oxygen at the surface\ which drops below the detection limit in 7Ð09 min "039Ð069 _#
of sputtering[ There is also an excess of cadmium relative to tellurium[ Near the surface\ these values
are about 49) and 39)[ These percentages gradually close to roughly 40) and 36) at 09 min "069
_#[ We pro_led the composition to a depth of 2999 _ and found that the composition is 49=4) cadmium
and 38=4) tellurium at that depth[

It is not clear at this time if the material in the bulk is actually non!stoichiometric\ or if the 0=91 ] 0=9
cadmium to tellurium ratio is due to a di}erence between the sensitivity factors de_ned for the XPS
instrument and the actual instrumental sensitivities to cadmium and tellurium in polycrystalline CdTe[
We have attempted to calibrate our measurements using comparative measurements of single crystal
and polycrystalline CdTe using XPS\ Auger Electron Spectroscopy\ Rutherford backscattering\ Elec!
trode Probe Micro!Analysis\ and Inductively Coupled Plasma analysis[ Initial results are generally in
agreement with our XPS results\ yet there is some confusion\ as the single crystal samples are farther
from stoichiometric than the polycrystalline samples[ We are currently performing a comparative study
to determine the correct sensitivity factors and will report those results in a later paper[

For the purposes of this study\ it is clear that the material near the surface is cadmium!rich compared
to the bulk[ This has important implications for contact formation\ as it is known that cadmium
interstitials and tellurium vacancies both form shallow donors which could make the near!surface
region n!type[06 Such an n!type region would impede the ~ow of majority!carrier holes through the
metallic contact at the back surface\ producing a relatively high!resistance back contact and limiting
the e.ciency of the solar cell[
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Figure 1[ XPS depth pro_le after the vapor CdCl1 treatment

Figure 2[ XPS depth pro_le after the CdCl1!methanol dip

Figure 1 shows the XPS depth pro_le for the VCC!only sample[ This sample is quite similar in
composition to the as!deposited sample[ The cadmium excess is slightly higher\ with roughly 49)
cadmium to 27) tellurium near the surface[ The oxygen content at the surface has been reduced to
09)\ but this composition persists deeper into the sample\ measuring 3) after 09 min of sputtering[
This result is not surprising\ as the VCC process involves annealing in a helium!oxygen gas mixture[
There is also chlorine present at a concentration of 09) at the surface\ falling to 0Ð1) after 2 min of
sputtering[ We conclude that CdCl1 has been incorporated into the near!surface region of the sample[

Figure 2 shows the depth pro_le following the CdCl1!methanol dip\ but prior to the 399>C air anneal[
The surface is composed primarily of cadmium and chlorine\ with relatively small amounts of tellurium\
oxygen\ and carbon[ The chlorine signal decreases steadily from the surface\ while the tellurium signal
increases proportionally[ It appears that this surface is composed of a mixture of CdCl1 and CdTe\
possibly with some component of chemical compounds produced by interaction between CdCl1 and
CdTe[ Following the dip in the CdCl1 solution\ the sample is annealed in laboratory ambient air at
399>C for 29 min[

The results of the annealing step are shown by the pro_le in Figure 3[ The surface composition is
radically di}erent from the SCC!only sample[ The oxygen content near the surface is quite high at
approximately 49)\ and remains relatively high at 14) after 09 min of sputtering[ Chlorine content
has been reduced\ yet it is relatively high in comparison with the VCC sample[ There is a thin layer of
carbon at the surface\ as in the VCC and as!deposited samples[ The Cd ] Te ratio is nearly 2 ] 0 at the
surface and falls to about 0=4 ] 0 after 09 min sputter time[ These results indicate a surface that is
primarily composed of oxides\ and contains 1Ð5 at ) CdCl1[

The surface compositions illustrated by the pro_les in Figures 1 and 3 comprise the surface conditions
prior to the pre!contact cleaning steps[ As discussed in the previous section\ we have investigated the
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Figure 3[ XPS depth pro_le after air!annealing of the solution CdCl1 sample

Figure 4[ XPS depth pro_les following a 29 s rinse in ~owing deionized water for "a# the vapor!CdCl1 sample and

"b# the solution!CdCl1!annealed sample

e}ects of four di}erent cleaning steps[ The simplest cleaning procedure involves rinsing the sample
surface in running DI water for about 29 s[ The e}ects of this procedure on the vapor!CdCl1 and
solution:annealed!CdCl1 samples are shown in Figures 4"a\ b#[

The pro_le for the VCC:DI sample shows that the oxygen content has doubled from 04) to 29) at
the surface\ but drops back to its previous levels after 2Ð3 min of sputtering[ The VCC!only sample
had nearly 09) chlorine at the surface\ while the VCC:DI sample has less than 0)[ Both samples have
very low amounts of chlorine at depths greater than 0 min of sputtering[ Thus\ the DI rinse removes
chlorine from the surface\ but oxidizes the near!surface region of the VCC sample[ In contrast\ the
SCC:anneal sample is almost unchanged by the DI rinse[ There is a reduction of adsorbed hydrocarbons
at the surface\ and a slight reduction in the oxygen content[ It appears that the DI rinse has little e}ect
on the SCC:anneal sample[

The next pre!contact cleaning procedure investigated was vacuum annealing[ The XPS pro_les for
the VCC:vacuum anneal and SCC:anneal:vacuum anneal samples are shown in Figure 5 "a and b\
respectively#[ For the solution!CdCl1 sample\ the e}ects of vacuum annealing are virtually identical to
those produced by the DI rinse[ The only observed di}erence is the vacuum annealed sample has slightly
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Figure 5[ XPS pro_les after vacuum annealing at 399>C for 29 min for "a# the vapor!CdCl1 sample and "b# the

solution!CdCl1!annealed sample

Figure 6[ XPS pro_le of annealed solution!CdCl1 sample after nitric acid etch and DI rinse

more carbon at the surface[ For the vapor!CdCl1 sample\ there are subtle di}erences between the DI
rinse and the vacuum annealing[ The vacuum annealing step slightly reduces the oxygen content instead
of increasing it[ Also\ vacuum annealing is slightly less e}ective in removing chlorine[

The second experimental pre!contact cleaning procedure was etching in dilute nitric acid "HNO2# for
59 s followed by a brief DI rinse[ In this case\ the XPS pro_les of the solution!CdCl1 and vapor!CdCl1
samples are identical[ The pro_le for the SCC:anneal:HNO2:DI sample is shown in Figure 6[ This
surface is signi_cantly cleaner than any of the preceding pro_les[ Approximately the _rst monolayer is
tellurium!rich[ The rest of the pro_le shows Cd and Te percentages of about 49) and 36)\ respectively[
This is very close to the percentages found in the as!deposited sample[ As discussed above\ uncertainty
in sensitivity factors makes it di.cult to pin down exact stoichiometry\ but this sample clearly has a
lower Cd ] Te ratio than any of the previous CdCl1!treated samples[

The standard pre!contact cleaning step used in NREL CdTe:CdS device processing is etching in a
249 ] 3 ] 039 mixture of HNO2 ] H2PO3 ] H1O "NP etch#[ The sample is etched until bubbles cover the
surface\ indicating that the surface has been converted to elemental tellurium[ Rinsing in running DI
water is used to halt the etching process[ As with the nitric acid etch shown above\ after the NP etch\
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Figure 7[ XPS pro_le of the vapor!CdCl1 sample after NP etching and rinsing in DI water

both vapor!CdCl1 and solution!CdCl1 samples have virtually identical XPS pro_les[ The pro_le for the
VCC:NP:DI sample is shown in Figure 7[ As established in previous studies\04 we _nd that the surface
is primarily tellurium\ with small amounts of cadmium and oxygen[ We conclude that the NP!etched
surface is composed of slightly oxidized elemental tellurium with small amounts of cadmium\ possibly
as CdTe[

Table II presents a summary of the atomic percentages of oxygen and chlorine for the samples in this
study[ The depth pro_les have been parameterized in terms of atomic percent "at ) after 09 min of
sputtering\ or the sputter time at which the at ) falls below the XPS detection limit[

Device characterization

To correlate the back!surface composition with the quality of the back contact\ we have fabricated
devices from samples at each step of the processing\ as measured using XPS[ Considerable care has
been taken to ensure that all of the devices are identical except for their back!surface processing[ For
each processing condition\ two devices were fabricated and their light and dark currentÐvoltage "JÐV#
curves were measured[ The values of open!circuit voltage\ VOC\ and short!circuit current density\ JSC\
are very consistent for all samples that underwent a CdCl1 treatment[ This consistency demonstrates
that the bulk properties of all of the _lms are very similar\ as VOC depends primarily on the quality of

Table II[ XPS!measured at ) for oxygen and chlorine at the surface and after 09 min sputtering "½069 _ depth#[

Depth pro_les are approximately linear with depth\ except for oxygen in the VCC:DI sample

Sample processing At ) oxygen At ) oxygen at At ) chlorine At) chlorine at 09

at surface 09 min\ or sputter time at surface min\ or sputter time

at) ³ XPS limit at) ³ XPS limit

As deposited 19 2 min ³XPS limit ³XPS limit

SCC only 04 1 min 39 09

SCC:anneal 49 14 09 1

SCC:anneal:DI 38 19 4 0

SCC:anneal:vacuum anneal 34 19 4 0

SCC:anneal:DI:HNO2 09 9=4 min trace ³XPS limit

SCC:anneal:DI:NP etch 5 5 trace trace

VCC only 09 1 09 ³XPS limit

VCC:vacuum anneal 8 4 1 ³XPS limit

VCC:DI 29 4 at 3 min 0 0

4 at 09 min

VCC:DI:HNO2 7 9=2 min ³XPS limit ³XPS limit

VCC:DI:NP etch 5 5 trace trace
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Figure 8[ JÐV curves for devices fabricated from the VCC:DI:NP and SCC:anneal:DI samples[ Both light and dark

JÐV curves are shown[ Solid lines are for the VCC:DI:NP sample\ dashed lines are for the SCC:anneal:DI sample

the CdTeÐCdS junction\ and JSC is primarily a function of optical absorption and carrier collection
e.ciency[ The device parameters that are sensitive to changes in back surface quality are the _ll factor
"FF#\ and the series resistance "Rs#[

Light and dark JÐV curves for devices characteristic of the higher! and lower!e.ciency samples in
this study are shown in Figure 8[ The solid lines are for the VCC:DI:NP sample\ and the dashed lines
are for the SCC:anneal:DI sample[ It is clear that both devices have almost identical VOC and JSC[ The
primary di}erence between the two JÐV curves is in the slope of the curve for voltages greater than 9=6
V[ This slope is a function of the RS\ which can in turn be related to the contact resistance[

The primary measure of the quality of the back contact is the contact resistance\ RC[ It is not practical
to directly measure RC in these devices\ because standard techniques such as the transfer length method
are dominated by the high in!plane resistivity of polycrystalline CdTe[ Typical values of in!plane\ dark
resistivity are in excess of 0 G V!cm\ while in!plane resistivity in the light is on the order of 39 M V!cm[
It is possible to determine the total series resistance of the device\ RS\ using a method described below[
In forward bias\ near VOC\ the series resistance\ RS\ can be expressed as the sum of the back!contact
resistance plus the lumped resistance of the rest of the device\ RO

RS � RO¦RC "0#

Because the devices in this study are identical except for their back!surface treatments\ we propose that
changes in RS are primarily due to changes in RC[

Series resistance can be calculated from the JÐV curve using an analytical technique established by
Sites07 for the JÐV analysis of polycrystalline solar cells[ Using the standard photodiode equation and
assuming high shunt resistance "which is the case for the devices in this study#\ one can derive an
equation of the form

0
dV

dJ1�RS¦
AkT

q
"J¦JSC#

−0 "1#

where q is the electronic charge\ A is the diode quality factor\ k is the Boltzmann|s constant\ and T is
the temperature[ In the dark\ the inverse current term is reduced to J−0[ The series resistance is
determined by taking the intercept of "dV:dJ# vs J−0[ We have used this formalism to calculate values
of RS for each of the devices studied[

The JÐV parameters for the devices in this study are presented in Table III[ For each processing
condition\ these values are averages over two devices[ The values of RS presented in the table are
calculated from the dark JÐV curves measured at 14>C[ The as!deposited sample has signi_cantly lower
values of e.ciency\ VOC and JSC compared to the rest of the devices because it lacks a CdCl1 treatment[
With that exception noted\ the values of VOC range from 793 mV to 719 mV\ and the values of JSC range
from 11=6 mA:cm1 to 12=7 mA:cm1[ The small scatter in these parameters demonstrates the consistency
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Table III[ Device parameters for various back!surface treatments[ Each parameter is an average over two devices

Sample processing RS "V!cm1# E.ciency ")# FF VOC "mV# JSC "mA:cm1#

As deposited 6=9 7=6 44=9 608 11=9

SCC only� NA NA NA NA NA

SCC:anneal 5=8 01=94 52=2 701 12=4

SCC:anneal:DI 7=9 01=24 54=4 704 12=3

SCC:anneal:vacuum anneal 5=7 00=8 50=7 797 12=7

SCC:anneal:DI:HNO2 4=2 01=74 55=2 707 12=6

SCC:anneal:DI:NP etch 0=2 02=94 58=6 793 12=1

VCC only 1=4 02=0 57=9 719 12=5

VCC:vacuum anneal 2=1 02=0 56=0 707 12=7

VCC:DI 2=6 01=14 52=4 707 12=4

VCC:DI:HNO2 1=8 01=4 54=1 705 12=3

VCC:DI:NP etch 0=6 02=2 60=1 705 11=6

� No device was measured for the SCC!only sample because it was not practical to fabricate a device due to the thick CdCl1 residue

present on the back surface[

Figure 09[ Devices series resistance vs surface oxygen content

of the junction and bulk properties of the _lms used to fabricate these devices[ In contrast\ RS varies
from 0=2 V!cm1 to 7=9 V!cm1[ As we have established above\ this large variation in series resistance
should primarily be due to di}erences in contact resistance[ The variations in RS correlate well with the
properties of the back surface as measured by XPS[

The two NP!etched samples have RS!values of 0=2 and 0=6 V!cm1[ XPS measurements on these samples
show that their surfaces are primarily elemental tellurium[ It is known that elemental tellurium is a
degenerate\ narrow!gap\ p!type semiconductor08 that provides a good contact to p!type CdTe[ This is
consistent with the result that the two NP!etched samples have the lowest RS\ which implies the lowest
contact resistance[

Figure 09 shows how RS depends on the oxygen content at the surface[ The line in the _gure is a
linear _t to the data points[ It is clear that RS\ and hence RC\ is an approximately linear function of the
oxygen content at the surface of the CdTe absorber layer[ This is consistent with formation of an MOS
back contact for the devices with signi_cant amounts of oxygen\ and a metal!semiconductor Schottky
barrier contact for those devices with very little oxygen[ Ongoing experiments will study the nature of
these contacts through barrier height measurements\ etc[ Such studies should provide a clearer expla!
nation of the nature of the back contact in these devices[

Discussion

Di}erent steps in the post!deposition processing produce varying degrees of oxidation and con!
tamination of the CdTe surface[ The surface of the as!deposited sample is moderately oxidized\ and
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produces a back contact of moderate resistance[ The vapor!CdCl1 process is quite clean\ leaving
relatively little CdCl1 residue and actually reducing the amount of oxygen present on the surface[
Deposition of the contact directly after vapor!CdCl1 treatment results in a low!resistance contact[ In
contrast\ the solution CdCl1 process is relatively dirty\ leaving large amounts of CdCl1 residue after the
CdCl1 dip[ Air!annealing of this surface signi_cantly reduces the amount of CdCl1 residue\ but greatly
increases the degree of oxidation[ The SCC:annealed surface produces a relatively poor\ high!resistance
contact[

Rinsing in DI water left the SCC:annealed surface essentially unchanged\ and produced a contact of
equally high resistance[ Rinsing in DI water increased the oxidation of the VCC surface\ and resulted
in a correspondingly higher resistance contact[ Vacuum annealing did not change the surface com!
position or the contact resistance for the VCC sample[ Vacuum annealing appeared not to change the
SCC:annealed surface\ yet the resistance decreased somewhat[ We do not presently have a clear
explanation for this result[

Etching with the NREL standard NP etch produced surfaces that were primarily elemental tellurium
for both the VCC and SCC:annealed samples[ As we would expect from previous studies\ these surfaces
produced very low resistance contacts[ Etching with dilute nitric acid produced very clean surfaces for
both the VCC and SCC:annealed samples[ These surfaces were tellurium!rich for the _rst one or two
monolayers[ After that they had the same stoichiometry as measured in the as!deposited sample[ Both
of these samples produced very low resistance contacts[ This result is somewhat surprising\ as it is
generally believed that a layer of tellurium is needed to produce the proper band line!up between the
p!type CdTe and a metallic contact[ It is possible that the copper!doped HgTe that is applied in the
contact application step is providing an adequate band line!up\ or it is also possible that the copper in
the HgTe is doping the near!surface region of the CdTe enough to produce a narrow Schottky barrier[
More research needs to be done to clarify this point[

CONCLUSIONS

Characterization of the back!surface composition using XPS has shown that di}erent steps in the
post!growth processing of CdTe:CdS devices at NREL produce varying degrees of oxidation and
contamination[ The surface properties correlate very well with the contact resistance deduced from
measurements of device series resistance[ The surface of the as!deposited samples is not clean enough
to produce a good contact\ but vapor!CdCl1 treatment appears to provide the cleaning necessary to
produce a low!resistance contact[ It is clear that a great deal of care needs to be taken to ensure that
the surface of the CdTe is not inadvertently contaminated during post!deposition processing[ With
proper processing and handling it should be possible to eliminate chemical etching steps from the pre!
contact processing without reducing the quality of the back contact[
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